Spasticity is a serious problem that adversely affects the daily life of patients, and creates difficulties for caregivers. The symptom that causes the most disability in multiple sclerosis patients is spasticity. The methods used in the measurement and evaluation of spasticity have some incomplete aspects and errors. In this article, we examined and compared the old and new methods used in the quantitative evaluation of spasticity, and tried to define the ideal method.
Spasticity is a serious problem that creates difficulty for both patients and caregivers. Spasticity is the most common cause of disability in multiple sclerosis (MS) patients with more than 80% patients suffering from it during the entire course of the disease (1) . It has been defined in many ways over the years; however, the definition by Lance in 1980 is the most accepted one. Accordingly, spasticity is a motor disorder characterized by an increase in the tonic-stretch reflexes due to hyperexcitability tensions, resulting from the hyperexcitability of the stretch reflex, as a component of the upper motor neuron syndrome (2) . Later, other characteristics of upper motor neuron syndrome were added to this definition (2) . Finally, the Spasticity Study Group "SPASM" (Support Programme for Assembly of a database for Spasticity Measurement) has made the term of spasticity more practical by defining it as "a sensorimotor control disorder that emerges as a result of upper motor neuron syndrome and in the form of muscles' involuntary intermittent or permanent activation" (3) .
Spasticity occurs as a result of the damage of myelin and axonal fibres, and as a result of the deterioration of upper neuron stretch reflex. Three major mechanisms that are connected to upper motor neuron lesion play role in the development of spasticity. These mechanisms are the changes of afferent input coming to spinal motor neurons, the changes in reflex arcs that affect motor neurons' excitability and the changes of motor neurons' internal features (4) .
Spasticity may be common and severe in demyelinating diseases, especially in MS; this causes patients' experiencing hypertonus, clonus, flexor and extensor spasms. Spasticity appears in different forms in accordance with the lesion's place, origin time and size (5) . It is known that many factors may stimulate spasticity; a few of these factors are fever and exercise that may cause an increase in body temperature, the usage of IFN-beta, the sudden heat and moisture changes in the environment, infections, bladder and bowel problems, fractures, burns, pressure sores, dressing tightly, stress-emotional disorders, the progression of MS (6) .
Spasticity Measurement Methods
Although spasticity is a well-known disorder, the measurement and evaluation processes are still problematic (7) . Many methods for spasticity measurement have been developed; they can be separated into two groups as the clinical evaluation methods and quantitative evaluation methods.
The clinical evaluation of spasticity begins with the detailed history and physical examination. In this phase, the duration, frequency and severity of spasticity, the quality of sleep, the drugs taken, additional diseases, which muscle groups are affected, if the spasticity is useful or harmful for the patient, facilitating factors and whether there is a pain or not are investigated. Afterwards, physical examination begins. In this phase, the existence and frequency of flexor or extensor spasms are investigated and recorded, the posture analysis is made. Later, muscle tone and tendon reflexes are examined. Muscle tone is evaluated when the patient is comfortable and relaxed in the supine position for both lower extremities and in upper extremities separately. Clonus, triple flexion reflex, sole skin reflex and other pathological reflexes, passive and active joint range of motion, voluntary muscle strength, contractures and functional loss are analyzed (4) . If an increase in spasticity is observed, it should be considered that there may be additional problems (5) .
The quantitative evaluation method of spasticity (Table 1 ) are significant both for the treatment plan and for the measurement of response to treatment. However, this method is quite difficult and it has a tendency to depend on the person making the measurement. Besides, the fact S50 MSIS29 is a life quality scale designed especially for MS; it is designed to be used especially in clinical investigations; the usage of this scale has been increasing gradually, it has two subgroups that evaluate physical and psychological conditions (19) . MSWS12 is a good and a reliable scale Table 3 . Ashworth Scale 0. Normal muscle tone 1. Slight increase in muscle tone, minimal resistance at the end of the range of motion when the extremity is moved (less than half of the EHA) 2. More pronounced tonus increase (the majority of the EHA) felt throughout the entire limb movement in muscle tone 3. Significant tonus increase which makes passive movement difficult 4. Affected extremity flexion and rigidity in extension that spasticity may differ from day to day, and even within the same day, makes the measurement harder.
Clinical Scales
A large number of clinical scales are used to evaluate spasticity and/or the related situations (8) . Frequently used scales are shown in Table 2 . The most well-known and commonly used scale is Ashworth scale (AS) ( Table 3 ). This scale grades the muscle tone from 0 (normal) to 4 (severe spasticity). The usage of this scale is easy; however, the results depend on the evaluator. Later, Modified Ashworth Scale (MAS) has been developed with some additions to the Ashworth Scale (Table 4 ). It has been a scale commonly preferred because it can be applied easily in a clinical environment, it does not require any tool and it is safe when applied by the same evaluator. However, AS and MAS cannot measure the features that separate spasticity from other tonus disorders (9) . Besides, changes that the evaluator makes in the stretching speed may change the measurement results because spasticity depends on speed. However, these are still the most commonly used scales (9) .
In the study by Lechner HE and his friends (10) on the patients with spinal cord injuries, AS is compared with the self-evaluations made by applying patients' spasm frequency scale (SFS) and visual analog scale (VAS). They state that when patients evaluate themselves, they can tell the difference between muscular tonus that is related to spasticity and the muscle tone that affects sensory nervous system, and this distinction may contribute to the proper treatment approach (10).
One of the scales that evaluate spasticity with the passive motion is Tardieu Scale. Passive stretch is performed in the same, lower or higher speed of the fall of extremity segments with gravity. Modified Tardieu Scale (MTS) has been developed by adding to Tardieu Scale the extremities' evaluation positions and the angle of spasticity (Table 5 ) (11) . Numanoglu compared MAS and MTS in spasticity measurements in children with cerebral palsy, and stated that MTS is a more reliable method of measurement (12) . In a study, in which MTS and MAS are compared on patients with brain injury and impaired consciousness because of various reasons, MTS has been found as the most reliable method among both measurements and implementers (13) . Recently, in another study conducted on patients with spinal cord injuries, it is reported that MAS is sufficient for the evaluation of lower extremities, MTS's reliability among the evaluators and repeatability is excellent and it can be used as a supplementary tool when the treatment decision is taken (14) .
Fugl Meyer Scale (FMS) is a scale in which spasticity is evaluated with many parameters like the sense of touch and pain, and the joint position sense of hand, wrist, and body posture ( Table 6 ). Its reliability among the evaluators is high. With FMS, in patients with stroke, a strong correlation between the reduction in motor function and the severity of spastic tonus was demonstrated (15) . As with most scales, its use in patients with mild motor impairment is limited by ceiling effect. Gladstone has stated that it is more reliable to use the FMS as an engine scale, because parts of the FMS outside the motor scale (such as pain and sensation) may distract the FMS from being objective (16) .
Recently, the scales that can be applied on patients with MS have been developed; these scales are the Multiple Sclerosis Spasticity Scale (MSSS88), the Patient-reported Impact of Spasticity Measure (PRISM), Multiple Sclerosis Impact Scale29 (MSIS29) and Multiple Sclerosis Walking Scale (MSWS12) (17) (18) (19) (20) . MSSS88 is a scale that evaluates not only the spasticity but also the daily life activities and the social functions with 88 items in 8 different categories (17) . However, it takes a long time and this affects the patient's attention and compliance in a negative way. PRISM is a reliable scale with 44 items, it is used to measure the impact of spasticity on life quality of patients with spinal cord injuries (18) . Table 4 . Modified Ashworth Scale 0. No tonus increase 1. The presence of a catch-and-release feeling at the end of the range of motion or a slight tonus increase in character with minimal resistance 1+. There is a slight increase in muscle tone observed through minimal resistance throughout the less than half of the joint range of motion 2. Muscle tone is increased throughout the range of motion of the whole joint, but the joints can be moved easily 3. There is significant tonus increase which makes passive movement difficult 4. Affected parts are rigid in flexion and extension S51 that measures the MS patients' capability of walk, on which the spasticity can easily reveal its effect (20) .
While evaluating the functions that spasticity may damage, the usage of the scales that evaluate the functional conditions (Barthel Index, Functional Independence Scale, etc.) is useful for clinical and treatment observation. However, for a better evaluation, functional scales and the scales that evaluate the spasticity and strength should be combined.
Biomechanical Evaluation
Biomechanical measurements give a controlled warning to the patient and measure mechanical response to motion using, torque, position sensors and electromyography (EMG). Biomechanical measurements correlate with clinical measurements and are reproducible, consistent, and objective. Because of the need for complex and expensive devices, their use has not been widespread, but is limited to research (21) .
The pendulum test is based on the oscillation features of an extremity in free circulation. Resistance of loose extremities to forced movement reflects the degree of spastic hypertonia in the quadriceps and hamstring muscles. While the patient is in the supine position, the spastic lower extremity is hanged down by the distal thigh level from the edge of the table. As the extremity is released in the extension position, the pendulum knee motion is assessed by electrogoniometer, while the movement rate is measured by tachometer. Sinusoidal pattern is observed. The slowing of the free oscillation and the dimming in the extremity are in favor of the increase in tonus. In studies with pendulum test in healthy volunteers and patients with spinal cord injuries (SCI), spasticity was found statistically significant in patients with SCI (22) . The pendulum test was also examined in other diseases and was found to be useful for measuring mechanical changes in the knee (23) .
Isokinetic dynamometers provide a significant advantage in objective measurement of spasticity as strain rate and amplitude can be standardized. The rested and loose extremity of the patient is passively moved at specific angular velocities and the resistance to movement is measured. It is evaluated with units such as "peak torque", "torque", "work", "threshold angle". It is recommended that measurements should be made on at least two different days with 3 replicates per test. As the speed increases, the increase in torque values is indicative of spasticity. In a study in which isokinetic dynamometers were used and resistance to flexion and extension at different angular velocities was evaluated, significant increase in torque was shown in patients with spinal cord lesions (24) . However, Perell et al. (25) did not find any difference between flask patients and normal subjects, although they found similar findings in patients with spinal cord lesions. Pisano et al. (26) showed that the stretch reflex threshold of spasticity due to stroke was significantly lower than the normal individuals, and the results were consistent with the Ashworth Scale. Subsequent studies in stroke patients have supported these findings (27, 28) .
Electrophysiological Evaluation
The vast majority of our knowledge about spasticity mechanisms has been obtained from electrophysiological studies (29) . H-reflex (Hofmann reflex) is the most commonly used electrophysiological method in evaluating spasticity. The H reflex indicates the level of excitability of the alpha motor neuron pool directly associated with the spinal column. As the stimulation intensity increases, the H-reflex amplitude increases, and the M-response appears within 3-5 ms following stimulation (21) . The M response is the result of the discharge of all the alpha motor neurons in the spinal cord of the muscle, with direct stimulation of the muscle efferent nerve (21) . The latency of the H-reflex does not change, but the amplitude and the H/M ratio increases in spasticity (21) . In addition, F-responses obtained by supramaximal stimulation of peripheral nerves, which are less commonly used in spasticity measurements in practice, are another method of evaluation. They are small amplitude responses that appear after the M-response resulting from the antidromic activation of a certain number of motor neurons. The F/M ratio increases in spastic patients (21) .
The results obtained from non-standardized H-reflex or electrophysiological testing are not considered specific to spasticity.Although there was a moderate correlation between electrophysiological tests and clinical scales (AS, MAS) in several studies, no correlation was found in most of the studies (30, 31) . For this reason, electrophysiological measurement methods can be said to be complementary objective methods rather than being used alone (32) .
Gait Analysis Methods
Spasticity is one of the problems that reducing the quality of life of patients with MS. All components of motor impairment (motor loss, spasticity, co-contraction, sensory loss, contracture) should be determined in Table 5 . Modified Tardieu Scale Muscle reaction quality (X) 0-No resistance during passive motion 1-Minimal resistance during passive motion, no sense of catching at a certain angle 2-Feeling of catching at a certain angle (cuts passive movement, relaxes afterwards) 3-Weakening clonus (less than 10 seconds when stretching is continued and occurs at a certain angle) 4-Strong clonus (longer than 10 seconds when stretching is continued and emerging at a certain angle) 5-The joint can not be moved Stretching Speed: V1: As slow as possible, slower than the natural drop of the extremity segment due to gravity effect V2: Extremity segment at the natural deceleration rate due to gravity effect V3: As fast as possible, faster than the natural fall of the extremity segment due to gravity order to evaluate the spastic lower extremities. Optoelectronic motion analysis systems, force platforms, multi-channel EMG devices are used for quantitative gait analysis (33) .
Today, kinetic and kinematic measurements have become more practical and useful thanks to portable and wearable devices. Owing to the sensors, static and dynamic acceleration can be measured, with the devices capable of perceiving the slope and posture analysis can be made easier. At this point, the response to the treatment can be easily monitored and the risks of falling have become able to be reduced.
Twenty three studies on the reliability of three-dimensional kinematic gait analysis have been systematically reviewed by McGinley (34) . This study has shown that gait analysis errors are acceptable but should not be overlooked when interpreting clinical data (34) . It is hoped that new methods developed with functional calibration techniques will further reduce gait analysis errors.
New Methods
In patients with MS, spasticity measurement is commonly performed with clinical scales, even though there are objective methods. There is a need for objective and more practical new methods that can identify and follow spasticity early.
Elastography is a new way of visualizing the flexibility of biological tissues and is often used to detect malignant lesions in the tissues, such as thyroid, breast tissues, etc (35) . Lately it has also been used to measure the flexibility of muscles, tendons and nerves. It is also known as compression elastography, sonoelastography, or real-time ultrasound elastography (RTHE) (36) . RTHE and AS were compared in a single-center pilot study where the evaluator was blinded to measure spasticity in patients with MS. In this study, Muscle Elastography Multiple Sclerosis Scores (MEMSs) were used for the first time. MEMSs has been shown to correlate well with commonly used AS to measure MS spasticity (37, 38) . In another study of the same investigators, numeric rating scale (NRS) and RTHE were compared to monitor treatment response in MS patients who received spasticity therapy (37, 38) . Both methods were found to be in perfect correlation with each other.
Elastography can open a new page in early diagnosis of spasticity in MS patients and assess the efficacy of spasticity therapy (38) . However, extensive and randomized, multicenter clinical trials are required for the validation of this method.
Myotonometry is a new technique which allows objective assessment of muscle spasticity by quantifying tissue displacement response to a standard measuring perpendicular compression force. Besides neurological disorders, it has also been used to investigate changes in muscle tissues of patients such as scoliosis and dull shoulder (38, 39) . The validity and reliability of the myotonometry technique was tested with various studies and compared with the conventional methods used for spasticity measurement (40) (41) (42) (43) . It has been suggested that it is a sensitive method to be used in daily clinical practice.
The greatest limitations of elastography, myotonometry, electrophysiological and biomechanical measurements are the lack of a wellequipped laboratories and experienced practitioners. Therefore, it is not as widespread as clinical scales.
CONCLUSION
The identification and measurement of spasticity is mainly based on the assessment at patient's resting position. However, disorders causing spasticity related to daily life activities are pathological conditions which become evident during voluntary movements. Therefore, quantitative assessment of spasticity is difficult. Evaluation of spasticity should be based on clinical assessment with additional repeated biomechanical and/or electrophysiological measurements obtained during active and functional movements as complementary techniques. In addition, the patient should also be allowed to self-assess his or her symptoms. The objective during development of new measurement methods should be to provide measurement with minimal bias and errors which may affect interpretation.
